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Abstract. Maps of vertically integrated electron density over
the higher middle and polar latitudes that are regularly pro-
duced by DLR Neustrelitz are investigated with respect to
planetary waves (PW) in the period range of several days.
The results are compared with planetary wave analyses using
stratospheric reanalyses. Case studies show that PW signa-
tures in the ionosphere and neutral middle atmosphere waves
have similar seasonal variations, indicating a possible cou-
pling between these layers. Numerical modelling of the mid-
dle and upper atmosphere is performed to analyse the possi-
ble penetration of PW effects into the thermosphere. Numer-
ical results show thatdirect propagation of PWto thethermo-
sphere is not possible, and indirect ionospheric effects must
be responsible for the wave coupling of the atmospheric lay-
ers. In the paper an overview of the data used and the meth-
ods applied in this project is given.
1 Introduction
Atmospheric planetary waves (PW) in the middle atmo-
sphere are characterized by periods of 2 to 30 days (fre-
quently called the “long-period range”). Usually, PW are not
able to penetrate to altitudes above the lowermost thermo-
sphere (Lastovicka, 2006). Nevertheless, oscillations with
PW periods have been observed in the ionosphere, for ex-
ample in ionospheric F-region maximum heights (Pancheva
et al., 2002) or electron densities (Altadill et al., 2001,
2003). The simultaneous occurrence of PW in the iono-
sphere and stratosphere might be an indicator for vertical
coupling between the middle atmosphere and the thermo-
sphere/ionosphere system. However, the mechanisms that
lead to such kind of coupling necessarily must be indirect.
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There already exist some ideas about how PW may pene-
trate into the ionosphere. Pancheva et al. (2002) suggested a
modulation of upward propagating tides through PW, or PW
associated neutral wind variations inducing electric ﬁelds,
which modulate the height of the maximum electron den-
sity hmF2 or the plasma density of the ionospheric F-region.
Otherpossiblemechanisms(seee.g.Altadilletal., 2001)that
may lead to PW signatures in the ionosphere are the modula-
tion of gravity waves (GW) by PW in the middle atmosphere.
These GW may propagate to the ionosphere, and break there,
thus transporting the PW signature to the upper atmosphere.
Also possible is that winds in the mesopause region may
cause a redistribution of major atmospheric components in
the lower thermosphere and changes the mean velocity of
mass transport. This affects the vertical transport of minor
constituents and provides phase changes of the electron den-
sity in the E and F region (Mikhailov, 1983). Pancheva and
Lysenko (1988) proposed that PW mesopause region winds
may drive the atmospheric dynamo. Altadill et al. (2001)
concluded from the result of case studies that the mecha-
nisms which lead to PW like oscillations in the ionosphere
are different from case to case.
To comprehensively investigate the possible coupling be-
tween the neutral middle atmosphere and the ionosphere at
PW time scales, within the CPW-TEC (Climatology of Plan-
etary Waves seen in TEC) project we make use of maps of
Total Electron Content (TEC) in a vertical air column of
the ionosphere. The analysis of these maps suggests signa-
tures of PW in the ionosphere, so that the results obtained
are compared with stratospheric wave analyses accompanied
by numerical model experiments on PW propagation. The
project is run in collaboration between DLR-IKN Neustre-
litz, Leipzig University, and the Russian State Hydrometeo-
rological University, St. Petersburg. In the following sections
an overview of the data used and the methods applied in this
project is given.
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Fig. 1. Examples of amplitude spectra of GPS TEC and Met Ofﬁce
1hPa geopotential heights over Europe, 1 September – 20 Novem-
ber 2004.
2 Data base and analysis
TEC maps are regularly produced at DLR Neustrelitz using
ground based GPS measurements available from the Inter-
national GPS Service (e.g. Jakowski, 1996; Jakowski et al.,
2002; w3swaci.dlr.de/index.htm). Maps covering the Euro-
peansectorareavailablesince1995, whilesimilarmapsfrom
50◦ N to the pole are produced since 2002. The TEC values
are mapped and blended into a TEC model, which was es-
tablished by the DLR (Jakowski et al., 1996) especially for
TEC map construction. Here we use the results of this data
assimilation from the pole to 50◦ N. These TEC maps are
processed by DLR Neustrelitz with a time resolution of ten
minutes and an accuracy of 1–2 TEC units (1 TEC unit =
1016 electrons/m2).
For the analysis of stratospheric PW we use UK Met Of-
ﬁce assimilated data (Swinbank and O’Neill, 1994) at 1hPa.
To avoid disturbances through auroral processes in this anal-
ysis we restrict ourselves to the analysis of data at 52.5◦ N.
An example of amplitude spectra of GPS TEC and strato-
spheric 1 hPa geopotential heights is shown in Fig. 1. The
time window analysed here (1 September – 20 November
2004) has been chosen because a quasi 6-day oscillation has
been detected in mesopause region radar winds (not shown
here), so that autumn 2004 was chosen as a sort of ﬁrst test
whether long-period oscillations may be visible in both mid-
dle atmosphere and ionosphere. Oscillations at periods of
5–8 days are frequently found in the middle atmosphere un-
der equinox conditions (e.g. Jacobi et al., 1998), so from this
point of view the selected time interval can be considered
as typical. Similarly, in Fig. 1 there are peaks at a period
close to 6 days in both the stratosphere and ionosphere spec-
tra. A TEC oscillation with a 9-day period is accompanied
by a broad spectral maximum in the stratospheric geopoten-
tial height amplitudes, but it remains questionable whether
this can be considered as the signature of middle atmosphere-
ionosphere coupling. Periods of 6 and 9 days may be owing
to the Rossby quasi 5 and 10-day waves. However, from sim-
ple spectra alone the global structure of the underlying waves
cannot be revealed.
To investigate and interpret the planetary scale distur-
bances, we have to separate them into the travelling and
standing PW components (Hayashi, 1971; Sch¨ afer, 1979).
At ﬁrst, the amplitudes and phases for the zonal harmonics
m=1,2,3 at 52.5◦ N are estimated by using the singular value
decomposition (SVD) algorithm. The hourly results for TEC
are daily averaged. A pair of time series is constructed rep-
resenting two eastward and westward moving waves, those
signals are registered at two zonal grid points with a distance
equal to the phase shift between the sine and cosine func-
tions divided by the zonal wavenumber. The coefﬁcients for
the eastward and westward travelling waves are calculated by
using the phase-difference method (Pogoreltsev et al., 2002)
for both waves. The Fourier amplitudes and phases of the
two components are calculated for a time segment of 48-
days. After this, the procedure is repeated while shifting the
window by one day to study the time dependency of wave ac-
tivities during 2004. To ﬁlter waves the spectral information
at speciﬁc period bands are combined and transformed back
into the time domain. For this resulting time series a wavelet
amplitude spectrum is calculated.
When analysing wavelike structures in the ionosphere by
TEC or electron density data one has to keep in mind that
the thermosphere is only ionized to a minor degree even at
F2 layer heights. Thus, wavelike variations in TEC or elec-
tron density usually trace processes propagating in the ther-
mosphere via interaction of neutral gas and charged parti-
cles. Consequently, PW like periods should be related ei-
ther to intrinsic PW type waves in the thermosphere or cor-
responding modulations of other wave types such as atmo-
spheric GW. A direct modulation of the plasma density could
be induced by upward propagating electric ﬁeld variations
excited/modulated by planetary waves which still exist in
lower thermospheric heights. Therefore, the term “iono-
spheric PW” is, strictly speaking, not correct. Nevertheless,
for convenience we shall subsequently use this term, but have
to keep in mind that it does not describe an intrinsic PW in
the ionospheric plasma.
3 Some results
Figure 1 indicates that long-period oscillations at times may
be visible in both the middle atmosphere and the ionosphere,
although corresponding peaks in the spectra cannot be con-
sidered as a proof of coupling processes and may be acci-
dental. To analyse possible corresponding wave activity in
the quasi 5- and 10-day range in more detail, in Fig. 2 time
series of the mean amplitudes of waves with wavenumber
1–3 (eastward and westward) in the period range 3–7 days
are shown, as a representation of the quasi-5-day oscillation
from Fig. 1. The stratospheric waves show a clear prevalence
of westward travelling waves with wavenumber m=1 and, at
times, m=2. This is also visible for the TEC data, however,
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Fig. 2. Time series of wavenumber 1–3 westward (M1W, M2W,
M3W) and eastward (M1E, M2E, M3E) travelling wave amplitudes
for 1hPa geopotential height (in gpm) and TEC (in 0.1 TEC units)
in the period window 3–7 days.
correlation between the stratospheric and ionospheric west-
ward waves is weak in most part of the year, except few time
intervals, e.g. around day #75, and in autumn. Occasionally a
5-day eastward wave is visible in TEC, which in some cases
is connected with a weak eastward wave in the stratosphere
also.
The corresponding signature of a 10-day wave is shown
in Fig. 3. As is the case with the 3–7 day oscillations in
Fig. 2, the well-known seasonal cycle of stratospheric PW
with maximum activity in winter and weak activity in sum-
mer is, to a certain degree, also visible in TEC. The corre-
spondence between stratospheric and ionospheric wave ac-
tivity is not strong, but still some corresponding peaks of ac-
tivity can be seen, e.g. in spring for westward travelling m=1
waves.
Note that the large summer values of TEC amplitudes
around day 200 are accompanied by a geomagnetic storm
which may disturb PW signatures in TEC. Here we did not
analyse a possible inﬂuence of geomagnetic variations on the
ionosphere which may give rise to long-period ionospheric
variations also at time scales of PW. On the other hand, PW
induced oscillations of winds in the dynamo region may lead
to geomagnetic oscillations at periods of PW (e.g. Kohsiek et
al., 1995; Jarvis, 2006), so that in turn the external forcing of
the geomagnetic ﬁeld carefully has to be distinguished from
PW forcing. Detailed analyses of external inﬂuence is a topic
for further research.
Apart from the seasonal cycle at times there is a corre-
spondence between the variation of wave activity both in the
stratosphere and ionosphere, so, for example, in the west-
ward propagating wave 1 around days 100 and 125 in Fig. 3
and after day 250 in Fig. 2. This correspondence leads to the
conclusion that there is a possible coupling between the mid-
dle atmosphere and ionosphere. However, this correspon-
dence is not continuously apparent during 2004, so that cou-
pling processes between the atmospheric layers, if they exist,
are variable, and intermittent.
Fig. 3. As in Fig. 2, but for the 7–12 day period range.
4 Numerical modelling
The Middle and Upper Atmosphere Model (MUAM) is a
3D mechanistic model of the atmospheric circulation ex-
tended from the 1000hPa surface up to the heights of the
ionospheric F2-layer. It is based on the Cologne Model of
the Middle Atmosphere-Leipzig Institute for Meteorology
(COMMA-LIM,Fr¨ ohlichetal., 2003). TheMUAMisagrid-
point model with horizontal (latitude/longitude) resolution of
5×5.625◦, and with up to 60 levels spaced evenly in the non-
dimensional log-pressure height (scale height x=−ln(p/p0),
p0=1000hPa] with a constant step size of about 0.4. The
upper boundary is placed at x=24 which corresponds to the
geopotential height of 300–400km depending on thermo-
spheric temperature. The PW to be analysed can be explicitly
forced in the model.
Additionally to the standard radiative scheme used in the
COMMA-LIM version (Fr¨ ohlich et al., 2003) the EUV heat-
ing in the thermosphere has been included. Solar ﬂuxes and
absorption coefﬁcients for each EUV spectral interval and
each constituent were calculated using the model proposed
by Richards et al. (1994). The constant value of 0.366 for the
EUV heating efﬁciency has been used as recommended by
Roble (1995).
To integrate the prognostic equations, the initial Cauchy
problem was splitted (Marchuk, 1967; Strang, 1968) into
a set of simpler problems according to the physical pro-
cesses considered, which in our case are vertical diffusion
of momentum and heat on one side, and all other processes
on another side. Finally, we use the Matsuno (1966) time-
integration scheme with a time step of 100s. This was nec-
essary because the leap-frog scheme used in COMMA-LIM
becomes unstable in the upper thermosphere where viscous
and thermal conduction terms are dominant.
First results of numerical modelling of planetary waves are
shown in Fig. 4. We consider here the stationary wave, and
the westward propagating 10-day wave as examples. Other
waves will be analysed in future investigations. In Fig. 4,
zonal wind amplitudes of the stationary PW and the west-
wardpropagating10-daywavearepresented. Asbackground
conditions those of January had been chosen. Note that the
waves do not propagate to the thermosphere, which shows
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Fig. 4. Zonal wind amplitudes of the stationary PW (left panel)
and the westward propagating wavenumber 1 Rossby 10-day wave
(right panel), as modelled with the MUAM model for January con-
ditions.
that a direct propagation of waves to the ionosphere is not
possible as expected. Similarly, the solar tides only propa-
gate to the lowermost thermosphere (upper panels of Fig. 5).
The strong amplitudes in the thermosphere are not owing to
propagating tides, but to in situ forcing of the thermosphere
in the course of the day. This can be deduced from the phase
behaviour of the diurnal tide, which clearly changes above
a height of about 18 scale heights. For the semidiurnal tide,
the change in phase behaviour is not so clearly expressed, but
there is still a tendency visible that for heights above about
21 scale heights no further phase change with height occurs,
and thus the semidiurnal oscillations there are due to in situ
heating of the thermosphere.
5 Conclusions
We have shown, using Northern Hemisphere TEC data as
well as stratospheric reanalyses that there probably exist cou-
pling processes that lead to corresponding bursts of PW ac-
tivity in the middle atmosphere and ionosphere, especially at
periods and wavenumbers known as typical for the quasi-5
and 10-day PW. This coupling is obviously intermittent, and
the underlying processes are not yet known. A numerical
modelling experiment using an essentially neutral middle at-
mosphere model shows that both PW and tides do not prop-
agate to the ionospheric F-region, so that direct PW propa-
gation as well as tidal modulation through PW, according to
these ﬁrst results, may be ruled out as candidates for the cou-
pling process. However, the numerical model at this stage
only includes prescribed ionospheric electron densities and
ﬁxed magnetic ﬁelds, so that electrodynamic processes are
not included in detail. In addition, the MUAM model still in-
cludes an improved Lindzen-type GW parameterisation (see
Jacobi et al., 2006, and references therein) that is not specif-
ically designed to describe those GW that are able to prop-
agate to and force corresponding travelling ionospheric dis-
turbance propagation in the thermosphere/ionosphere. Espe-
cially the question of the wavelength and frequency spectrum
of those waves, and how this can be incorporated in a param-
eterisation, still has to be considered. Therefore, at this stage
the question of coupling processes still remains open.
Fig. 5. Amplitudes (upper panels) and phases (lower panels, 360◦
equal 24h) of the semidiurnal (left panels) and diurnal tide (right
panels), asmodelledwith theMUAM modelforJanuaryconditions.
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